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Abstract 
An experimental investigation of exhaust-nozzle 
temperatures for the storable aystem, 50 percent 
UDMH-50 percent hydrazine/nitrogen tetroxide, was 
conducted using hydrogen and methane fuel burned in 
oxygen-enriched air to provide the s'ame atomic constit- 
uents as the storable propellants. Oxidant-fuel mass 
ratios of 1.6 to 2.5 at 3.7 atmospheres combustion- 
chamber pressure were simulated by control of the fuel. 
oxygeh, and ai< flows; inlet enthalpies were duplicated 
by preheating the oxidant in a pebble-bed storage heater. 
Static temperatures, measured by a spectral line rever- 
sal pyrometer at 5 stations in the expanding portion of a 
5.5-area-ratio, Mach 3 nozzle, were found ta be nearly 
insensitive to oxidat-fuel ratio and close to tempera- 
tures calculated for a frozen expansion. This study 
demonstrated the feasibility of the simulation technique 
for exhaust-nozzle kinetic studies. Results agreed well 
with a simplified kinetic analysis based on a I'sudden 
freezing" of the nozzle recombination reactions at an 
area ratio of 1.04 upstream of the throat. 
c. Introduction 
' I  The storable propellant system consisting of a 50 
percent by weight mixture of hydrazine and unsymmetri- 
cal dimethylhydrazine (UDMH) fuel and nitrogen tetrox- 
ide oxidizer is used in many advanced rocket engines, 
and experimental performance of several space-vehicle 
engines, using this propellant system, has been repor- 
ted. ( l )  The actual engine performance is degraded by 
combustion, aerodynamic, and kinetic losses. The lat- 
ter result from the reduction in nozzle energy release 
due to the incomplete recombination of the atoms and 
free radicals formed during the high-temperature com- 
bustion. These chemical recbmbination reactions have 
finite reaction times, which are often slow with respect 
to the residence time of the exhaust products in the noz- 
zle. The prediction of kinetic losses for the storable 
propellant system has been the subject of several 
3, 4); it% desirable, however, to supplement 
these predictions, which are based on idealized labora- 
tory reaction-rate data, with experimental measurements 
under conditions more closely approaching those en- 
countered in rocket engine environments. 
,. 
chamber products and enthalpy of the desired storable- 
propellant system using gaseous propellants, elimina- 
ting combustor inefficiencies and instabilities. A recent 
report also suggests this method of simulation. (5) 
Experimental static temperatures are reported for 
the simulated storable propellants at a combustion- 
chamber pressure of 3.7' atmospheres, covering a range 
of oxidant-fuel weight ratios of 1.6 to 2.5 (equivalence 
ratios of 1.4 to 0.9). The experimental data are com- 
pared to analytical calculations based on theoretical 
equilibrium and kinetic expansions, and the application 
of the data to performance predictions of rocket engines 
is discussed. 
Simulation 
The simulation of one propellant system by another 
is defined here as the substitution of reactants which 
yield, upon combustion, the same products and mixture 
enthalpy as the desired system. The two gaseous com- 
bustion products at the same pressure ,are identical if 
their composition and enthalpy are equal. 
Composition 
The combustion of 50 percent by weight hydrazine, 
N g 4 ,  and unsymmetrical dimethyl hydrazine (UDMH), 
, C2HSN2, fuel with nitrogen tetroxide oxidizer, N2O4, 
(referred to hereafter as the storable, or liquid stor- 
able, propellant system) is written on the basis of one 
mole of fuel: 
0.6522N2H4+0.3478 C2HgN2+1.0217 N204 
+ 0.6956 C02 + 2.6956 H$ + 2.0217 N2 (1) 
However, the combustion temperature of these propel- 
lants is about 4130' K, and the theoretical molecular 
products shown in equation (1) would be partly disso- 
ciated. An equilibrium calculation, (6) for example 
with liquid reactants at 298' K and 3.7 atmospheres, 
would show the following: 
0.6522 N2H4+0.3478 C2HgN2+1.0217 N204 
+ 0.3595 CO + 0.3381 C02 + 2.1630 H f l  
This paper reports experimental measurements of + 0.3118 OH + 0.3112 H2 + 0.1276 H + 0.2111 0 2  
the expansion of the products of combustion of storable 
The a d ~ ~ a l  liquid propellants were not used, however; 
instead a mixture of hydrogen and natural gas (93.6 per- 
cent methane) was burned in preheated oxygen-enriched 
air. For a study concerned with kinetic losses, this 
technique makes it possible to duplicate the combustion- 
Propellants in a 5.5-area.rati0, nominal Mach 3 nozzle. + 0.0763 0 + 0.0823 NO + 1.9806 N2 ( 2) 
, 
The endothermic dissociation reactions producing the 
atoms and free radicals would reduce the combustion 
temperature for this reaction to an equilibrium temper- 
ature of 3045' K. The simulation of the storable- 
, *  
TM X-52434 
1 
. ,  
I 
I 
propellant Composition therefore must provide re@- 
tante that produce the variety of products shown in 
equation (2). Theae products of combustion contain M) 
compound8 with N-H or C -H bonds , since the complex 
hydrazine and UDMII molecules are dissociated in the 
first steps of thb reaction. Calculations thus show that 
a simple combination of methane, hydrogen, oxygen, 
and air, supplying the necessary C,  H, 0, and N atoms, 
would yield the same products as shown in equation (2), 
provided a means of duplicating enthalpy (or combustion 
temperature) were assured. Accordingly 
0.6956 CH4 + 1.3044 H2 + 2.0217 N2 + 2.0434 0 2  
* Same products as eq. (2) (3) 
To simulate the effects of operation over.8 range of 
oxidapt-fuel mass ratios, equation (3) can be written 
0 . 6 9 5 6 C H ~ + 1 . 3 0 4 4 H ~ + 1 . 0 0 0 0  N2 
+ * (1.0217 N2 + 2.0434 02, - Products (4) 2.245 
where O/F is the oxidant-fuel mass ratio (2.245 for' 
stoichiometric combustion) and the products, not written 
out, would be'a function of O B ,  pressure. and enthalpy 
of the reactants. Note that, as required by equation (2), 
one mole of N2 is part of the fuel and the remainder part 
of the oxidant. 
The experimental phase of this study used a mix- 
+ ture of 66.8 volume-percent hydrogen and 33.7 percent 
natural gas (93.6 percent methane) burned with air and 
oxygen to furnish the-C, H, N, and 0 atoms required for 
ethane, higher hydrocarbons, and nitrogen, and these 
compounds were added to the reactants considered in 
equation (4). A typical fuel analysis is shown in table I. 
r simulation. The natural gas had a small percentage of 
Enthalpy 
The simulation of the enthalpy of the storable- 
propellant combustion products presents more difficul- 
ties; and, in a sense, the composition simulation can- 
not be treated separately from energy Simulation, since 
the partly-dissociated products are a function of the 
combustion temperature. Table II lists the initial en- 
thalpy values of the storable and simulated reactants, 
using values from Ref. 7 or data consistent with this 
source, based upon zero enthalpy at 298.15' K for ref- 
erence elements. The enthalpy of Nf14 assumes no dis- 
sociation to NO2 at the reactant conditions, but appen- 
dix B of Ref. 1 calculates that the influence of the ne- 
glect of the NO2 formation on the thermochemical or 
performance results is very small. The storable reac- 
tants have a higher initial enthalpy than that of the sim- 
ulated reactants due to the heats of formation of hydra- 
zine and UDMH. This energy is liberated in the com- 
bustion reaction and incrkases the enthalpy of the prod- 
ucts. TO compensae for this higher enthalpy of forma- 
tion, the simulated reactants are preheated to increase 
their initial enthalpy. In this study, the preheating was 
more conveniently performed on the oxidants only, 
table II also lists oxidant enthalpies at 950' K for the 
an existing pebble-bed storage heater, and 
2 
simulated propellants. 
The desired match of combustion-product enthalpies 
was carried out by trial ind e r ror  using a thermodynam- 
ic computer program. (6) Results are illustrated in 
Fig. 1, where combustion-product mixture enthalpy, 
using the same reference basis as table II, is shown as 
a function of the storable-propellant oxidant-fuel mass 
ratio. For the storable propellant, the product enthalpy 
decreases as the oxidant-fuel mass ratio increases since 
the proportion of low-initial-enthalpy reactant is in- 
creasing. . For the simulated-propellant systems, repre- 
sented at different oxidant-preheat levels by dashed 
curves in Fig. '1, the enthalpy-againsta/F trend is op- 
posite to that of the storable propellants since in these 
cases increasing oxidant-fuel mass ratio increases the 
proportion of the high-initial-enthalpy reactant. The 
enthalpy simulation would be satisfied therefore by ad- 
justing the oxidant-preheat temperature, covering the 
range of about 1120' to 810' K to correspond to the re- 
quirements for simulation of oxidant-fuel mass ratios of 
1 . 6  to 2.5. 
An example, comparing calculated properties of the 
storable-propellant and simulated-propellant products, 
is given in table hI, which shows properties and compo- 
sitions at the combustion chamber and at an exhaust- 
nozzle station where the products have expanded to 1/30 
the combustion-chamber pressure, both for a fuel-rich 
O/F of 1.6.  Nozzle compositions were.calculated as- 
suming an equilibrium expansion. To correspond to 
typical experimental conditions, the calculations were 
made with the simulated-propellant oxidant preheated to 
a nominal value of l l O O o  K, not quite the right match for 
the combustion-chamber enthalpy, and with the actual 
natural gas composition rather than pure methane. 
Nevertheless it is seen that the duplication of properties 
and composition can be controlled very closely. 
Apparatus 
Installation 
cylinder trailer were metered through standard orifices, 
heated in an aluminum-oxide, pebble-bed storage heat 
exchanger, passed through a water-cooled combustion 
chamber where the fuel mixture was introduced and ig- 
nited spontaneously, and expanded through a supersonic 
test nozzle. The combustion products were cooled and 
ducted to the laboratory exhaust system. Details of the 
storage heater and air flow system are given in Ref. 8 .  
Air  from the laboratory system and oxygen from a 
The combustion chamber, nozzle, and typical in- 
strumentation are shown in Fig. 2. The fuel was in- 
jected into the combustion chamber through water-cooled 
fuel-injection tubes arranged to cover approximately 
equal areas of the combustor cross-section. The com- 
bustion chamber itself was a cylindrical pipe, 30.7 cm 
in diameter and 46.5 cm long. 
The test nozzle, similar to that described in Ref. 9, 
was a 30° half-angle converging, 7' diverging cone with 
a 17.7 cm radius-of-curvature throat. The throat in- 
side diameter was 7.94  cm, and the diverging section 
was 46.7 cm long. Effective area ratio Of the nozzle 
. .  
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was 5.5, corrected for Mundary layer growth as deter- 
mined by heated-air, nonburning calibrations. The noz- 
zle had 5 pairs of nitrogen-purged, 1.3-cm-diameter 
optical porta located at diverging area ratios of 1.30, 
1.65, 2.05, 2.50, and 3.60. Static-pressure taps were 
drilled normal tp the nozzle wall, and wall thermo- 
couples were mounted flush with the inside wall. 
Spectral-Line Reversal Pgrometer 
Static temperatures of the flowing exhiiust gases in 
the test nozzle were measured using a self-balancing 
line reversal pyrometer. (lo, 11) The combustion prod- 
ucts were seeded with sodium carbonate powder' intro- 
duced by a water-cooled injector located in the combus- 
tion chamber, and a reversal temperature was measured 
by automatically balancing the seeded-gas radiation with 
that of a current-controlled tungsten-ribbon lamp 
mounted at the opposite optical window from a photo- 
multiplier detector. Temperatures were computed from 
an initial calibration of the lamp brightness temperature 
as ,a function of lamp current, using an optical pyrom- 
eter. The pyrometer detecbr, lamp, and optics were 
mounted on an external U-shaped platform that straddled 
the test nozzle. The platform was  moved to each of the 
optical port locations during a test -run. 
Optical ports were also located in the combustion 
chamber for initial measurements of combustion- 
chamber temperature profiles. The tungsten-ribbon 
lamp was replaced by a carbon arc reference source for 
higher reference temperatures,(l') and profiles were 
recorded by traversing the sodium carbonate injector 
across the combustion-chamber diameter and recording 
temperature as a function of radius. 
' 
c 
c 
.Procedure 
. 
The simulation of the liquid storable propellants at 
desired oxidant-fuel mass ratios required three controls: 
(1) the composition of the fuel mixture, (2) the relative 
rates of fuel, oxygen, and air mass flows, and (3) the 
correct preheat of the oxidant mixture. The hydrogen 
and natural gas fuels were purchased from a commer- 
cial source, mixed, and stored at high pressure in a 
cylinder trailer with enough capacity for two to four 
complete test runs. The fuel mixture was analyzed by a 
mass spectrometer, and this analysis was  used as a 
basis for calculating a table of values of relative fuel, 
oxygen, and air mass flows to simulate an O/F range of 
approximately 1.6 to 2.5, in accordance with equation (4) 
written for the exact fuel analysis. This o n  range was 
limited by the maximum possible fuel flow rate at one 
extreme and maximum oxygen flow rate at the other, but 
it encompassed the O/F values of interest to rocket en- 
gines. Tests were conducted at a single combustion- 
chamber pressure of 3.7 atmospheres. The air  mass 
flow rate was thus a quantity fixed by the stagnation con- 
ditions, and the O/F settings were prescribed by values 
of the fuel-air and oxygen-air mass flow ratios. These 
ratios were regulated within i2 percent by an automatic 
control system, which adjusted the flow-valve openings 
using the ratio of differential pressures across fuel and 
oxygen flow orifices to the differential pressure across 
the air flow orifice. The oxidant-inlet temperature was 
controlled by the banking temperature, or the tempera- 
ture maintained by the storage heater between run 
periods, and to a lesser extent by the length of the test 
runs. Experimental runs were conducted with the oxi- 
dant preheated to temperatures between 880' and 112OoK, 
approximately.the range specified in Fig. 1 for correct 
enthalpy simulation. However, each series of runs at 
several different oxidant-fuel mass ratios was carried 
out at nearly constant oxidant-inlet temperatures, since 
it was not possible to vary the storage heater tempera- 
ture a s  desired once air flow was established. Hence, 
the oxidant preheat temperature did not necessarily cor- 
respond to that required for enthalpy simulation. It will 
be shown that negligible changes in the exhaust-nozzle 
static temperatures are introduced by this compromise. 
Nozzle static temperatures were measured by suc- 
cessively centering the reversal pyrometer on each op- 
tical window and recording the output on a strip-chart 
recorder. A complete survey, covering all five nozzle 
optical stations, took 4 to 5 minutes, during which time 
the oxidant-inlet temperature measured by a single 
shielded, platinum/platinum-13-percent-rhodium 
thermocouple varied no more than 20' K. 
Analysis 
Data Reduction 
The treatment of experimental data consisted of 
(1) calculation of static temperatures from lamp-current 
readings of the reversal pyrometer, (2) calculation of 
flow rates and combustor-inlet temperatures, and 
(3) calculation of simulated oxidant-fuel ratios. The 
static temperature was hand calculated from a prior cal- 
ibration of the reversal pyrometer, and flow rates and 
inlet temperatures were computed by a digital-computer 
program using inputs from transducer signals. The cal- 
culation of simulated oxidant-fuel mass ratios required 
additional interpretation of the data, because the meas- 
ured fuel-air and oxygen-air ratios could deviate to a 
small extent from the exact values for simulation. This 
meant that a run could have a fuel-air ratio correspond- 
ing to a certain simulated O/F and an oxygen-air ratio 
corresponding to a different simulated O/F. The fuel- 
air and oxygen-air ratios could always be altered to 
agree, at a mean simulated O/F, by multiplying the 
measured air flow by an adjusting factor. This was an 
arbitrary procedure to be sure, but in this way the 
nozzle-temperature data could be reported as that cor- 
responding to some mean simulated O/F, with an excess 
or deficiency of air mass flow. Runs in which this air- 
flow-adjusting factor turned out to be more than *5 per- 
cent from unity were rejected. 
For the calculation of the oxidant-fuel mass ratios, 
the actual analysis of the fuel mixture was used. The 
desired fuel analysis as shown in table I gave a molecu- 
lar weight of 7.08, but it was necessary and economical 
in handling gaseous fuel mixtures in large quantities to 
accept a tolerance on the basis of molecular weight of 
generally *4 percent, occasionally up to 7 percent. 
The test of the effectiveness of the simulation tech- 
nique for the purposes of this study lies in the duplica- 
tion of the nozzle static temperatures. An example of 
the sensitivity of these temperatures to deviations from 
3 
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correct simulation is presented in Fig. 3, which shows 
static temperature at a nozzle area ratio of 2.05 as a ' 
function of simulated oxidant-fuel mass ratio for the two 
extreme cases of equilibrium and frozen theoretical ex- 
pansion. Calculated temperatures are shown for the 
storable propellants and for the simulated propellants, 
where ttoff-simulationtf is illustrated by: (1) correct 
composition simulation, but operation at a constant 
oxidant-inlet temperature of l l O O o  K, which provides 
the correct inlet enthalpy only at an O/F of 1.65, (2) in- 
correct composition simulation caused by an air  flow 
10 percent high, and (3) incorrect composition eimula- 
tion caused by a fuel mixture with a molecular weight 
7 percent high. The actual simulation conditions were 
always controlled within the tolerances represented by 
these curves. Figure 3 shows that the constant oxidant- 
inlet-temperature case yields temperatures at high O/F 
values that vary a maximum of 40' K from that for the 
equilibrium expansion of the storable propellants, and 
the additional composition discrepancies can alter the 
temperature by 100' K. F Q ~  frozen expansion, on the 
other hand, the storable-propellant and simulated- 
propellant temperatures are almost indistinguishable. 
The same results may be calculated at other area ratios 
beyond the nozzle throat. As shown in the results of 
this study, the expansion of the storable propellants is 
near frozen, ind the tolerance in operating conditions 
permitted in this investigation had little influence on 
temperature profiles. 
Theoretical Predictions 
show theoretical curves calculated from a computer pro- 
gram@) at two extremes requiring no chemical reaction- 
rate information:, equilibrium expansion, in which chem- 
ical reaction rates of the exhaust products flowing in the 
nozzle are infinite, and the recombination reactions a re  
always in chemical equilibrium; and frozen expansion, 
in which chemical reaction rates are zero, and the com- 
position of the exh&ust products is fixed at the equilib- 
rium combustion-chamber-product composition. Of 
course the actual nozzle expansion proceeds with inter- 
mediate chemical reaction rates for the recombination, 
but an exact kinetic, or finite-rate calculation, can be 
very complicated and requires a considerable knowledge 
of chemical reaction rates. It is common to simplify 
kinetic expansion calculations by using the Bray crite- 
rion, (12) which aasumes equilibrium expansion in the 
nozzle up to a certain area ratio (the "sudden-freezingtt 
point) and frozen expansion thereafter. The sudden- 
freezing area ratio is defined as the nozzle location 
where the .rate of decrease of moles of radicals or atoms 
is equal to the rate of recombination from chemical- 
kinetic data. This was calculated using the computing 
method of Franciscus and Healy. (13) The principal rate- 
controlling recombination reactions for the storable pro- 
pellant system are the three-body reactions presented in 
table 4 along with the foryard reaction-rate constants 
that were supplied to the simplified computing program 
of Ref. 13. Previous work on the hydrogen-air sys- 
tem(3i14) indicated that reaction (1) was controlling, al- 
though reaction (2) and in lean mixtures, reaction (5) 
may be of importance. It is of interest to note the com- 
plete neglect of any carbon or nitrogen reactions; the 
principal carbon reaction, the water-gas reaction 
Figure 3 and subsequent data-presentation figures 
CO +OH- CO2 +H 
has an energy release less than 1/4 that of the principal 
three-body recombination reactions, (l), (2), and (5), 
and ita influence on nozzle temperature can be neglec- 
ted. (3*9) 
Results and Discussion 
Combustion-Chamber Efficiency 
Initial reversal temperature measurements in the 
combustion chamber showed a flat temperature profile, 
approximately at the equilibrium combustion tempera- 
ture. A typical profile has been reported in a previous 
papedg) for natural gas and air combustion using the 
same fuel injector and combustion chamber. For prac- 
tical purposes, combustion efficiency could be consider- 
ed as 100 percent. 
Nozzle Temperature Profiles 
ured in the test nozzle at a combustion-chamber inlet 
pressure of 3.7 atmospheres absolute are plotted in 
Figs. 4(a) to (d) for simulated oxidant-fuel mass ratios 
of 1.6, 2.0, 2.245, and 2.4. For comparison with the 
experimental dat8, the plots show the theoretical equilib- 
rium and frozen-expansion temperatures and the calcula- 
tions of kinetic expansion based on a ttsudden-freezingtt 
analysis for the liquid storable propellants at the indi- 
cated O F .  
Some of the experimental static temperatures meas- 
It is seen that the experimental data and the kinetic 
curve lie close to the frozen-expansion temperatures. 
The kinetic calculations indicate a freezing point up- 
stream of the nozzle throat, at an area patio of about 
1.06 for a simulated O/F of 1.6 and at 1.04 for larger 
ratios, and frozen expansion throughout the supersonic 
portion of the nozzle. The experimental data f i t  this 
simplified kinetic prediction although it was noticed that 
some of the data indicated a tendency toward tempera- 
tures lower than the analysis at the optical stations 
nearer the throat and somewhat higher temperatures 
than the analysis at the last optical station. These dis- 
crepancies could arise from the usual sources of experi- 
mental error,  but they can be largely attributed to devi- 
ations from one-dimensional flow in the nozzle and 
shocks. Static-pressure measurements were taken 
during the tests; and while not presented in this paper, 
similar deviations from a smooth plot with pressure sug- 
gest the presence of weak shocks in the test nozzle. 
Effect of Oxidant-Fuel Ratio 
plotted in Figs. 5(a) to (d) as a function of the corres- 
ponding simulated oxidant-fuel mass ratio of the liquid 
storable propellants. These figures include data at or 
near the O/F values of Figs. 4(a) to (d) and additional 
intermediate oxidant-fuel ratio data not included in 
Figs. 4. The results at the optical station nearest the 
throat, the area ratio of 1.30, have been omitted from 
Figs. 5. For reference, Figs. 5(a) to (d) also show the 
theoretical temperature predictions for equilibrium, 
frozen, and kinetic expansion of the storable propellants. 
It is seen from the experimental data that static 
All of the experimental temperature data have been 
4 
temperature is nearly ipdependent of oxidant-fuel m ~ s  
ratio for the O/F range b&tween 1.6 and 2.5. If the ex- 
paneion of the storable propellant followed the quilib- 
rium analysis, the temperature profiles would be clearly 
O/F dependent, but the experimental data agree with the 
eimplified kinetic calculation for near-frozen expansion, 
which is generally insensitive to oxidant-fuel ratio. 
Specific Impulse Concluding Remarks 
calculate vacuum specific impulse by line& in temla-  
tion between the equilibrium and frozen predictions ob- 
tained from the analytical pragram using the ratio of 
experimental to theoretical temperaturee. No attempts 
were made to correat for the effect of enthalpy gr com- 
position off-simulation, or to allow'for combustion and 
aerodynamic inefficiencies, if any. 
temperature, it is believed that oxidant combustion- 
chamber inlet temperatures were uncertain to a5 per- 
cent. Uncertainties of oxidant-inlet temperature of this 
order should have a negligible effect on the nozzle tem- 
perature results. Pressures and flow rates were meas- 
ured with standard transducers capable of *l percent ac- 
curacy. 
The experimental temperature data were used to 
This paper has presented the results of temperature 
measurements in a 5.5-area-ratio, nominal Mach 3 noz- 
zle, using hydrogen and methane as fuel and preheated 
oxygen-enriched air as oxidant to simulate the combus- 
tion products and enthalpy of the 50-weight-percent hy- 
drazine and UDMH fuel, nitrogen tetroxide oxidant pro- 
pellant system. 
The experimental specific impulse and the analyti- 
cal predictionti are plotted in Fig. 6(a) as a function of 
the storable propellant oxidant-fuel mass ratio, at an 
arga ratio of 3.6. The data are close to the kinetic pre- 
diction, falling somewhat b&w that theoretical curve. 
It may be noted that at this relatively small area ratio, 
the peak vacuum specific impulse is attained only at 
oxidant-fuel ratios below 1.6. - 
This use of the conventional gaseous propellants to 
simulate the liquid storable propellants proved feasible. 
The flow rates and oxidant-inlet temperatures that were 
needed to simulate the various oxidant-fuel ratios could 
be readily calculated but could not always be matched 
exactly in the experiments. It was, however, calculated 
that the deviations in exhaust-product composition and 
enthalpy had little effect on the nozzle static tempera- 
tures for the conditions of this study, where the expan- 
sion was nearly frozen. For higher combustion-chamber 
pressures or nozzle geometries that favor expansion 
nearer to equi l ibr ia ,  it should be realized that more 
prqcise control of the simulation parameters may be 
necessary. 
The use of the kinetic analysis for prediction of 
specific impulse at large area ratios representative of 
rocket engines is illustrated in Fig. qb), which presents 
theoretical curves for an engine with an area ratio of 60 
and a combustion-chamber presstire of 6.8 atmoepheres. 
Representative experimental data from Ref. 1, corrected 
for combwtion~and aerodgrzamic losses to show the ef- 
fect of hetic efficiency only, are included in Fig. 6@). 
The relative agreement between experimental and pre- 
dicted specific impulse is very good and resembles the 
correlation at the lower area ratio in Fig. 6(a). 
Accuracy of Measurements 
centrate mainly on the primary measurement instru- 
ment, the spectral-he reversal pyrometer. the just upstream of the nozzle throat. Results were also 
At  3.7 atmospheres combustion-chamber pressure, 
over a range of oxidant-fuel mass ratios from 1.6 to 2.5 
(equivalence ratios of 1.4 to 0. S), temperatures were 
nearly independent of oxidant-fuel ratio and were close 
to those predicted for a frozen expansion. These results 
are in agreement with a simplified kinetic analysis, 
using reaction rates for the hydrogen and oxygen three- 
body recombinations only, which indicated a sudden 
freezing of the recombination reactions at an area ratio 
An assessment of experimental accuracy would con- 
range of interest, accuracy and ecision of this instru- 
ment 88 noted in the literatureclg should be of the order 
of +2 percent' each. Errors due to spatial and temporal 
fluctuations in the static tem rature could add an addi- 
tional percent or  two error. $1 At the first optical eta- 
tion in particular, an additional small error may arise 
from the nonlinear averaging of a radial temperature 
profile where flow is not one-dimensional. The optical 
w i n b e  were purged with nitrogen to prevent artying 
from condensed combustion products. In a few cases 
(note the data of Fig. 5(d) near an oxidant-fuel mass 
ratio of 1.6) subsequent examination of the data revealed 
temperatures that are too high, possibly due to reduced 
transmission of the reference lamp radiation. 
Oxidant-inlet temperatures were measured by a 
shielded, aspirated therrbocouple with minimum conduc- 
tion and radiation loqsea, and the temperatures were 
corrected for heat losses to the cooled fuel injector. 
Previous studies with the storage heater showed that the 
radial temperature profiles were reasonably flat; but 
because a single thermocouple was used to measure this 
interpreted in terms of specific impulse and were applied 
to higher area ratios typical of advanced rocket engines 
by using the simplified kinetic analysis. 
References 
1. Aukerman, C .  A. andTrout, A. M., llExperimental 
Rocket Performance of Apollo Storable Propellants 
in Engines with Large Area Ratio 
0-3566, 1966, National Aeronautics and Space 
Administration, Cleveland, 0 hi0 . 
TN 
2. Simkin, D. J. andKoppang, R. R., llRecombination 
Losses in Rocket Nozzles with Storable Propel- 
lants,ll AIAA Journal, Vol. 1, No. 9, Sept. 1963, 
pp. 2150-2152. 
3. Sarli, V. J., Burwell, W. G . ,  and Zupnik, T. F., 
%westigation of Nonequilibrium Flow Effects in 
High-Jhpansion-Ratio Nozzles, Report C910096- 
13  (NASA CR 54221), Dec. 1964, United Aircraft 
Corp., Research Labs., East Hartford, Conn. 
5 
4. Wud. ,  R. A,, t*C6ppplex Kinetics 'in Adiabatic , i 4 .  Lezberg, E. A., RoseC. M., andFriedman, R., 
F h :  C-€I.O(N) Syetem8," A I M  J o d ,  Vol. SI 1 Womparisons of Experimental Hydroxyl Radical 
1 NO. 10, Oct. 1966, pp. 1846-1849. I Profilee with Kinetic Calculations in a Supersonic 
Norale, TN D-2883, 1965, National Aeronautics I end Space Administration, Cleveland, Ohio. 5. Imeeran, W., llSimulation of Earth-Storable Liquid 
Propellants with Gaseous Reactma, HFD-W- 
gl-6, June 1987, Cornel1 Aero. Labs., Inc., 
Hypersonic Facilities Dept. , Buffalo, N. Y. 
1 
15. Getzinger, R. W. andschott, G. L., Winetic 
Studies of Hydroxyl Radicals in Shock Waves. 
V. Recombination via the H + 0 2  + M - HO2 + M 
'Reaction in Lean Hydrogen4)xygen Mixtures, 
Journal of Chemical Physics, Vol. 43, NO. 9, 
I 
6. Zeleenik, F. J. aadGordon. S . ,  "AGeneral, 
IBM 704 or 7090 Computer Program for Compu- 
Rocket Performance, and Chapman-Jouguet 
Detonations,t* TN D-1454, 1962, National Aero- 
tation of Chemical Equilibrium Compositions, NOV. 1, 1965. pp. 3237-3247. 
16. Stredlow, R. A. andRubins, P. M., lcExperimental 
nautics and Space Administrz#ion, Cleveland, Ohib. 
7. McBride. B. J., Heimel, S., Ehlers, J. G. , and 
Gordon, S. ,  Vhermodynamic Praperties to 
6000' K$or 210 Substances Involving the First  
' 18 Elementa,ll SP-3001, 1963, National Aero- 
nautics iuld Space Administration, Cleveland, 
1 
' Ohio, I 
8 .  Lezberg, E. A. and*Lancashire, R. B.; llExpan- 
sion of Hydiogen-Air Combustion Products 
Through a Supersonic Exhaust Nozzle. Measure- 
ment of Static-Pressure and Temperature Pro- 
€ilee,fl 'Combustion and Propulsion, Fourth AGARD 
Colloquium, Pergamon Press, New York, 1961, 
pp. 286-305. 
S. Lezbeg, E. A. andFranciscus, L. C., 'VEffects 
of Exhaurt Nozzle Recombination on a Hypersonic 
Ramjet -: I. Experimental Measure- 
mente," A I M  Journal, Vol. 1, No. 9, Sept. 
1963, pp. 2071-2076. 
- 
c 
10. Buchele, D.,  "A Self-Balancing Line-Reversal 
.Pyrometer, Temperature. Ita Measurement and 
Contr61 in Science and Industry, 
Reinbold Publ. Co.,  New York, 1962,'pp. 879- 
887. 
Vol. 3, Part 2, 
11. Iazberg, E. A. andBuchele, D.. llSomeOptical 
Techniques for Temperature and Concentration 
Measurements of Combustion in Supersonic 
Streams, 1 )  Paper 64-536, May 1964, AIAA, New 
York. 
12. Bray, K. N. C., "Atomic Recombination in a 
Hypersonic Wind-Tunnel Nozzle, ( 1  Journal of 
FluidMechonic., Vol. 6, 1959, pp. 1-32. 
3 
t 18. Franciscua, L. C.  and Healy, J. A., Womputer 
Program for Determining Effects of Chemical 
Kinetics on Exhaust Nozzle Performance, TN 
D4144. 1967, National Aeronautics and Space 
Administration, Cleveland, Ohio. . 
and Analytical Study of the Hydrogen-Air Reaction 
Kinetics Using a Sending-Wave Normal Shock, 
Paper 67-479, July 1967, A M ,  New York, 
Constituent 
Hydrogen 
Methane 
Ethane 
Carbon dioxide 
Helium 
Nitrogen 
Propane 
Butanes and 
higher hydro- 
carbons 
Tolutne 
mrcent 
66.80 
30.75 
1.13 
.49 
.35 
.25 
.19 
.04 
LOO. 00 
TABLE I. - TYPICAL ANALYSIS 
OF HYDROGEN AND NATURAL 
GAS FUEL MIXTURE 
6 
Properties I Storable propellants I Simulated propellants at l l O O o  K 
I 
- 
- 
- 
1850 
-720.8 
1.234 
2.710 
290.6 
2991 
61.2 
1.139 
0 ----- 
Storable propellants 
Coortituent and State and tem- 
volume percent perature, I 
Liq., 298 
Simulated propellants 
Enthalpy 
cal/mole 
1 iel 
12050 
12734 
€I2, 66.80 Gas, 298 0 
CH4, 30.75 Gas, 298 -17899 
C&, 1.13 Gas, 298 -20236 
(Additiofial minor constituents omitted) 
I '  
~ 
N2, (Composi- Gas, 298 
0 2 ,  wi thOD) Gas, 298 
N2 Gas, 950 
tion varies 
0 2  Gas, 950 
0 
4743 
5013 
I oxidant-inlet temperature 
At nozzle exit .fox 
expansion to 1/3a 
PC 
c 
Nozzle-exit-to-throat 
area ratio 
Temperature, OK 
Enthalpy, cal/g 
Specific heat ratio 
Mach number 
Vacuum specific im- 
pulse 
4.898 ----- 4.892 
2992 
. 67.1 
1.140 
0 
1853 
-724.9 
1.234 
2.715 
290.3  Composition, mole fraotions 
He 
co 
H 
c o 2  
H2 
H P  
0 
0.0000 
.0973 
.0337 
.0294 
.1365 
.3441 
.0033 
.0033 
.3233 
.0039 
.om1 
20.48 
0.0000 
.0821 
.0531 
.0006 
.1473 
.3788 . 0000 . 0000 
.3373 . 0000 . 0001 
21.23 
0.0014 
.0813 
.0540 
.0006 
.1430 
.3813 
. 0000 . 0000 
.3384 
. 0000 
. 0001 
21.30 
0.0013 
.0961 
.0343 
.0041 
.0255 
20.54 
0 2  
N2 
NO 
OE! 
Molecular weight 
TABLE m. - COMPARBON OF CALCULATED PROPERTIES AND COMPOSITTIONS 
[Oxidant-fuel mass ratio, 1.6; combuation-chamber pressure, Pc, 3.7 atm abs.] , 
7 
H + OH + I&- H f l +  Y 
2 
3 
4 
6 
H + H + M y I f 2 ' + M '  
O + O + M + 0 2 + M  
H + O + M - O H + ) d  
H + 0 2 + M + H 0 2 + M  
1 
M io any third body. - 
I 
. 0 . 4 0 ~ 1 0 ~ ~  ,
2 . 7 4 ~ 1 0 ~ ~  
Source 
Ref. 9 
Ref. 9 
Ref. 9 
Ref. 4 
Ref. 15,'with third 
body efficiencies 
adapted from those 
reported by Ref. 1( 
I 
TABLE IV. - RECOMBINATPON REACTDNS AND THEIR FORWARD RATES 
USED M THE SIYIPLIFIED KINETIC EXPANSH)N ANALYSI 
. 
a 
P 
' M  
d 
w T 
e 
i 
2600 
C Fuel molecular weight 7 percent too high 
2400 
1800 
Frozen 
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-/ Simulated-propellant curves - 
A Constant oxidant-inlet temperature of 1100" K 
B Air flow 10 percent too high 
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(a) Oxidant-fuel mass ratio, 1.6. 
Figure 4. - Nozzle static temperatures at 3.7 atmospheres 
combustion-chamber pressure. Experimental points for 
simulated propellants; theoretical curves for storable 
propellants 
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Figure 4. - Continued. 
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Figure 4. - Continued. 
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(d) Oxidant-fuel mass ratio, 2.4. 
Figure 4. - Concluded. 
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Figure 5. - Effect of oxidant-fuel mass ratio on nozzle static 
temperature at 3.7 atmospheres combustion-chamber 
pressure. Experimental points for simulated propellants; 
theoretical curves for storable propellants. 
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Figure 6. - Vacuum specific impulse. 
